A novel active nanocomposite packaging based on low-density polyethylene (LDPE), Cloisite® 15 A (C15A), and α -tocopherol (α-TOC) was prepared. The effects of C15A (0-4 wt. %) and α-TOC (1-3 wt. %) on optical, mechanical and barrier properties of polyethylene were analyzed using the Response Surface Methodology (RSM). Regression models were developed for mechanical characteristics (tensile strength and elongation at break), water vapor permeability (WVP) and optical properties (L*, a*, b*, OP) as a function of α-TOC and C15A concentrations. For all cases, the quadratic terms of the model were significant (P< 0.05). In order to maximize TS and EL and minimize WVP, the desirability function (DF) was used to determine the regression model equations. The optimized factors were found to be 2.93 wt. % α-TOC and 4 wt.% Cloisite®15A for a maximal desirability of 0.903.
INTRODUCTION
Oils and fat oxidation is one of the major chemical deterioration modes limiting the shelf life of fatty foods during the storage time [1] Antioxidants are extensively incorporated into foods for preventing oxidation and extending the shelf life. Adding antioxidants to foods includes two methods of direct addition of antioxidant into foods or the indirect method using packaging. [2] Antioxidant packaging has been investigated for a very long time, as a method to inhibit oxidation and preserve food quality and nutrition by their controlled release. [3] [4] Another significant finding was that incorporating the antioxidant into a food package protects the degradation of polymers during processing. [5] [6] Consumer demand for natural food products has derived in an increased attention in using natural active components such as plant extracts and α -tocopherol. [6] [7] Alpha-tocopherol is a biological antioxidant.
[8] Natural tocopherol has been widely used in the structure of various polymeric films like LDPE and polypropylene because it was resistant under high-temperature process, represent good solvability in the polyolefin, to protect the polymer while producing less off-flavor and improve the sensory quality of food.
[9] Antioxidants are sensitive to heat. The low molecular weight of polyethylene makes it appropriate as a matrix for natural antioxidant active packaging. Polyethylene is one of the most widely used polyolefins in the packaging industry for food packaging due to its attractive combination of a low density, low production cost, chemical inertness, acceptable heat distortion temperature and easy processability.
[10] The incorporation of antioxidants in packaging matrix may change the mechanical and optical properties of film and decrease gas barrier. To solve these problems, adding the appropriate type of reinforcement such as nanoclay is the efficient method to improve packaging properties. In addition, Nanoclay can help the release of active compounds for a longer time by increasing their solvability in the nanocomposite resulting in the protection of foods for an extended period. [11] Montmorillonite is the most widely used layered silicates in industrial applications due to its large aspect ratio and high surface area. [12] [13] Such Clays are immiscible with hydrophobic polymers because of its hydrophilic characteristic. In order to improve miscibility with other polymer matrices, modifying the nanoclay surface seems necessary. The modified layered silicates are known as organoclays such as closite15A. [14] [15] In this study, α -tocopherol as an antioxidant, closite 15A as a nano filler and polyethylene as a polymer matrix, was used to fabricate a new antioxidant nanocomposite via melt extrusion. In order to determine the optimal nanocomposite formulation, response surface methodology was used. RSM is a multivariate analysis designing the experimental conditions, creating the models with the best conditions, reducing the number of experimental runs, Request permission estimating the effects of factors and identifying the possible interactions. [16] The objective of this study was to evaluate the effects of α-TOC and C15A on the optical, mechanical, optical and gas barrier properties of the fabricated nanocomposite.
MATERIALS AND METHODS

Material
Low density polyethylene resin (density = 0.92 gml -1 , MFI = 2 g/10 min) and high-density polyethylene resin (density = 0.952 gml -1 , MFI=18 g/10min) were provided from Amir Kabir Petrochemical Co. (Tehran, Iran). Organically-modified montmorillonite (OMM) nanomer, Cloisite® 15 A (C15A), was purchased from Southern Clay Products Company (USA). α -tocopherol was provided from Sigma Aldrich. (Germany) at ≥ 96% purity.
Statistical analysis and experimental design
The experiments were performed based on the faced center (CCD) combined with RSM. Faced center (CCD) provides us with the opportunity of using Duncan's Test to determine the significant differences in response. The statistical software Design-Expert 7.0.0 (Stat-Ease Inc., Minneapolis) was applied for creating the design matrix and analyzing the experimental data. The input parameters, i.e. α-TOC and C15A, were coded at three levels (-1, 0, +1). Based on the Central composite design (CCD), 13 experiments including five center points were used with α -tocopherol concentration (X 1 , wt. %) (1, 2, 3) while C15A concentration (X 2 , wt. %) (0, 2, 4) was the independent process variable. The amounts of α-TOC and C15A were presented in (Table 1 ). All the experimental tests were performed in triplicate followed by Duncan's Test and the mean of the results was used for RSM. Mean values were compared by Analysis of Variance (ANOVA) using SPSS 19.0.0 (IBM, Chicago IL, USA). The statistical significance was defined as P < 0.05. A polynomial mathematical model was used to correlate the association between the dependent (Y) and the independent (X 1 and X 2 ) variables as expressed by the following equation:
Where Y represents the response; Xi and X j represent the variables; β0 indicates the constant term and βi indicates the coefficient of the polynomial for linear effect; βii show quadratic coefficients and and βij represents interaction coefficients and k represents the number of studied parameters.
Nanocomposite fabrication
For preparing samples, first, LDPE and HDPE in a weight ratio of 85 to 15 were premixed and used as a based polymer. Polyethylene and C15A were dried in a vacuum oven (90°C for 48 h). Based on the design experiment results, PE, C15A and α-TOC were manually mixed (Table 1) . A twin/screw extruder (L/D=40, D=25 mm, ZSK 25 gravimetric fed) and a temperature profile of 150, 155, 150, 165, 170 and 175°C were employed for film production. After the extrusion process, the samples were pelletized and then the pellets were dried at 40°C under vacuum for 24 h. Then, the pellets were shaped as films by a Brabender DCE 330single-screw extruder (L= 400 mm and L/D= 20) and blown film unit. The constant temperature profile of 190°C was employed for film production. Extrusion parameters such as temperature profile and feeding rate were optimized by preliminary works. The films were cooled on a chill roll.
Film thickness
The film thickness, considered as the average of ten random locations, was measured with the digital micrometer (Elcometer, United Kingdom).
Film tensile properties
The tensile test was conducted based on the ASTM D638 standard on dumbbell-shaped specimens (Standard). Dumbbells were made by injection molding machine and conditioned at 55% relative. The samples were tensioned on a tensile tester (SANTAM, STM50) with speed test = 5 mm/min and load cell = 5000 N at room temperature. The stress-strain curves were plotted while tensile strength (TS) and elongation at break (%EB) of the specimens were calculated as follows:
F max represents maximum load, A min represents the minimum cross section area, L max represents an extension at the moment of rupture and L0 represents the initial length of the sample.
Water vapor permeability (WVP)
In order to calculate the WVP of the film specimen, first, the Water Vapor Transmission Rate (WVTR) of the specimen was determined at 30ºC and 75% RH conditions based on the standard method E96, with some modifications.
[17] The films were cut into 4 cm diameter circles and mounted directly on the top of WVP cups containing anhydrous calcium chloride as a drying agent. The cups were located in a climate chamber at the controlled temperature. The weight of the cups was measured until the equilibrium weight was reached. WVTR was determined from the slope of mass changes against time achieved with a linear regression. By multiplying the thickness of the film in the WVTR and dividing it by the difference in pressure between the relative humidity of the tubes and desiccator, the permeability to the water vapor was obtained. The WVTR and WVP can be measured as follows: 
Color measurement
The color of samples was measured by Chroma meter (Color Flex EZ, Spectrophotometers, Hunter Lab and USA). The L*, a* and b* of the measurements were presented where L* shows the lightness, with a range from 0 to 100 (black, white); a * shows redness, from green (-) to red (+); b * shows yellowness, from blue (-) to yellow (+). Opacity values (%) were measured based on the Hunterlab method using the same tool of color evaluation. The opacity percentage of the specimen was determined with reflectance measurements of each sample with standard black and white backing plates based on the following equation:
Where Y1and Y2 represent the CIE tristimulus value of the sample with the black and white backing plates respectively. [18] 
Confirmation and optimization procedures
The numerical optimizations were applied by DesignExpert 7.0.0 software. In order to determine the optimum percentage of α-TOC and C15A to predict the best value of mechanical and WVP responses, graphical and numerical optimization procedures were applied. Parameter levels and the corresponding response value were optimized and a verification test was applied using the predicted parameters.
RESULT AND DISCUSSION
Analysis of regression models
The samples were provided based on the software proposed values for the α-TOC wt. % and C15A wt. % ( Table 1 ). The considered responses including mechanical properties (TS, EL), gas barrier properties (WVP) and optical properties (L*, a*, b*, OP) were measured and analyzed with software. To find the best regression equations, experiment data were fit through different models (linear, quadratic, interactive and cubic). To checking the adequacy of models, the sequential sum of squares and model summary statistics were used. The sequential sum of squares indicated that, for all cases, the quadratic model was suggested (p-value < 0.01). Lack of Fit test was performed on the empirical data to compare the consistency of the model. The quadratic model indicated the insignificant lack of fit. [19] Unaccounted systematic Varian in the hypothesized model could explain significant lack of fit. Small variations in the independent variables of the model could also lead to such results. [20] The R 2 range as a critical factor to check model achieved in this study showed the suitability of the experimental data as R 2 close to 100% confirms the validity of the model. Similarly, maximum adjusted form of R 2 (adj-R
2
) for a number of terms in the model indicates the suitability of the model. Model summary statistics indicated that for all cases the quadratic model had maximum adjusted R-squared and predicted R-squared and minimum standard deviation (SD) values (Table 2) . To find the statistical significance of the regression coefficient and its parameters, Analysis of Variance was performed. The term coefficients which are found statistically insignificant should be eliminated from the model. [21] The F-tests revealed a high model F-values and low p-values (P ˂ 0.001) indicating that the factor had a significant impact on the response. Based on ANOVA in case of TS, L*and a*, the p-values for all terms of the model was significant (P ˂ 0.001), while in case of EL, the quadratic effect of C15A concentration (X 2 2 ) was insignificant (PV=0.3693) and removed from the model. In the case of WVP, b * and OP, the p-values of the quadratic effect of α-TOC concentration (X 1 2 ) was insignificant. Thus, the modified equation was extracted by removing these terms. The high values of R 2 (>0.97 %), R 2 Adj (>0.95 %) and R 2 Pred (>0.84 %), for all cases, indicated that the model had the great predictive ability.
In this research, the coefficient of variation (CV) was less than 10% for all cases. [22] After analyzing the correlated mathematical equations in the coded form, the relationship between the examined properties and the controlling parameters were obtained ( Table 2) .
Interactive effects of nanoparticles on mechanical properties
The regression equations, in terms of the coded factor, indicated that the linear effect of α-TOC concentration (X 1 ) was the most significant factors associated with EL model while the effect of α-TOC was greater than C15A concentration (X 2 ) and their interaction (X 1 X 2 ) effect. For TS, the linear effect of closite-15A concentration (X 2 ), the quadratic effect of α-TOC and C15A concentration (X 1 2 , X 2 2 ) and interaction effect of them (X 1 X 2 ) was positive while the linear effect of α-TOC concentration(X 1 ) was negative factors associated with TS (Table 2) . To visualize the interactions between the factors and the answers (TS, EL), 3D surfaces were used as a function of closite-15A and α-TOC (Figure 1 ). Significant interaction effects existed among the factors (closite-15A wt. % and α-TOC wt. %) indicating quadratic effects on TS and EL. At all levels of α-TOC, TS increased by increasing C15A wt. %. Such an improvement in the TS of nanocomposite may be indicated the uniform disper- between α -TOC and C15A concentrations indicating the quadratic effects on WVP. The response surface of the WVP of the nanocomposites as a function of α -TOC and C15A content is presented in (Figure 2 ). Based on WVP test results, increasing in α -tocopherol content resulted in the decrease in WVP at low and medium concentrations of C15A, while the effect of α-tocopherol in high concentrations of nanoparticles on decreasing WVP was not significant. This was possibly caused by an increase in the films' hydrophobicity in the presence of α-tocopherol. Adding hydrophobic components into a polymeric matrix could generate a barrier effect on the transmission of water molecules if they were homogeneously scattered in the film. [27] Similar conclusions were observed in LDPE film with α-tocopherol, [28] starch-sodium caseinate films containing α -tocopherol [29] PVA film incorporated with clove oil [24] and PVA film incorporated with green tea extract. [30] In the case of nanoclay, the increase of C15A wt. % sion of C15A in the polymer matrix and strong interaction between PE and nanoclay. At all concentrations of C15A, the increase in α-tocopherol content resulted in the decrease of tensile strength which can explain that the stronger interactions of PE intermolecular were partially replaced by weaker PE and α-tocopherol interactions in the film matrix. [23] [24] On the other hand, an increasing of α-TOC content resulted in increases elongation at break. α-tocopherol is an oily compound acting as a lubricant in the PE structure and promoting the chain sliding during the extension. [25] Based on Duncan test, the increase of C15A concentration had insignificant effects on EL at low and medium concentrations of α-tocopherol while the increment of C15A concentration significantly increased the EL of specimens at high concentrations of a-tocopherol (Table 3) . Chemical compatibility among the polymer and the filler plays an important role in the dispersion of nanoclay within the matrix and in the adhesion between C15A and PE and the modified polymers have the higher elongation at break compared to the neat polymer. Coupling agents are used for improving the intercalation of nanocomposites due to increasing the interlayer distance of nanoclays, which can cause to improve the penetration of the polymer into clay galleries and indicates better-exfoliated structure and better mechanical characteristics than the polymer without coupling agent. [26] Interactive effects of nanoparticles on Water vapor permeability (WVP)
The regression equations indicated that X 1 and X 2 had a negative effect while X 1 X 2 and X 2 2 had a positive effect on Water Vapor Permeability ( Table 2 ). The WVP of the nanocomposite films was measured and showed in (Table 3 ). Significant interaction effects existed reduced water vapor permeability values. According to Nielsen theory, the uniform distribution of clay layers in the matrix of polymer increases the diffusion path of gas and provides excellent barrier properties. In general, the diffusion of gases in the nanocomposite depends on a number of factors including aspect ratio, volume fraction and above all, the degree of exfoliation in the polymer nanocomposite. [26] Interactive effects of nanoparticles on optical properties
The color properties of films play a significant role in the appearance of packaging and consumer acceptability. [31] The regression equations indicated that the interactive effect of α-TOC and nanoclay concentration (X 1 X 2 ) was the most significant factor related to L* while the main and quadratic X 1 and X 2 had the negative and X 1 X 2 had the positive effect on lightness index. For a* index, the quadratic effect of (X 2 2 ) was the most significant model parameter. The nanoclay concentration was the most significant variable affecting b*. Finally, the main effect of α-TOC was the most significant variable affecting OP and only X 2 2 had a positive effect on OP (Table 2) . In order to show the relationship effect of factors, i.e., nanoclay and α-TOC concentrations on color properties (L*, a*, b*) and OP, the 3D response surface plot were introduced as the function of two variables concentrations (Figure 3) . By increasing of C15A and α-TOC, the L* value decreases, while the L* value increases at high levels of α-TOC by increasing C15A (Figure 3a) , similarly, a decrease in L* value with addition of nanoclays [32] was already reported in the literature. Based on the Duncan test (Table 4) , increasing of α-TOC had an insignificant effect on a* value at all level of C15A. At all levels of α-TOC, a* reduced initially by increasing closite.15A concentration and then increased ( Figure 3b ). As indicated in Figure 3c , b* value, increased by increasing C15A and α-TOC concentration at all levels. The films containing antioxidants and nanoclay indicated higher b* values with increasing concentration of α-TOC [5, 33] and nanoclay. [34] Differences in rolls film were perceptible to the eye. As indicated in Figure 3d , OP value, decreased by increasing α-TOC concentration at all levels. Based on the results presented in Table 4 , the effect of C15A concentration on OP was insignificant at low and medium concentrations of α-tocopherol while this factor had a significant effect on the OP at the high level of α-TOC. On the other hand, the decrease of OP by increasing α-TOC was significant at all level of C15A concentration. 
Optimization of multiple responses
In order to optimize the nanocomposite films and determine the optimal amount of α -tocopherol and nanoclay, the numerical optimization method was used.
In response surface methodology, desirability function approach was the most used in multi-response optimization. [35] For each response, a DF approach assigns numbers between 0 (undesirable) and 1(desirable) response value. The individual desirability was incorporated into a single function resulting in the overall desirability. Depending on the response to be maximized, minimized or made equal to the target value, different desirability functions can be used. [36] The analysis of responses of the TS, EL and WVP described as response surface optimization. The desired target for α-tocopherol and C15A concentrations variables were selected in the range, while the TS and SB were set to maximum and the minimum was applied for WVP. Based on the software suggestion, the optimized factors were 2.93 % TOC and 4% nanoclay for highest value desirability of 0.903. The individual desirability indicated that the settings were more effective at maximizing the TS (0.948) and EL (0.96) than minimizing WVP (0.80). The maximum desirability value of d= 0.903 shows the suitability of the design for use. To validate the adequacy of the model equations, a confirmation experiment was performed with optimal variable concentrations. The TS, EL and WVP values from the confirmation experiment were relevant closely related to the obtained data from desirability optimization by RSM, as shown in Table 5 .
CONCLUSION
The present study aimed at using the RSM for modeling the effects of α-TOC and C15A on mechanical, gas barrier and optical properties of α-TOC /PE/ C15A nanocomposites as summarized below. The results of the analysis of variance indicated that the two parameters, i.e. α-TOC and C15A, can act as efficient variables on the TS, EL, WVP and optical properties of nanocomposites. Adding nanoclay (C15A) improved the tensile strength and gas barrier properties of nanocomposites while showing an insignificant effect on elongation at break. Alpha-tocopherol with polar "head" structure and the linear "tail" can act as a coupling agent to improve the mechanical and WVP due to increased interaction between fillers and matrix. Desirability function was employed for the multi response optimization. The optimized parameters for maximum TS and EL and minimum WVP were predicted as 2.93 wt.%-α-TOC and 4 wt.% C15A. The results obtained from the confirmation experimental response values were in accordance with the predicted values. 
